Introduction
In many binary alloy systems, intermetallic compounds appear as stable phases. 1) If a diffusion couple is prepared from two different pure metals in such a binary system and then isothermally annealed at an appropriate temperature, some compounds may be formed as layers at the interface between the two metals after certain periods due to reactive diffusion. For various alloy systems, the kinetics of the reactive diffusion was experimentally studied by many investigators. However, all the stable compounds indicated in the equilibrium phase diagram 1) may not be necessarily recognized in the diffusion couple. For instance, the reactive diffusion between Au and Sn was experimentally examined at solid-state temperatures in previous studies. [37] [38] [39] [40] In these experiments, Au/Sn diffusion couples were prepared by a diffusion bonding technique, and then isothermally annealed in the temperature range of 393-473 K. In this temperature range, AuSn 4 , AuSn 2 , AuSn, Au 5 Sn and are the stable compounds in the binary Au-Sn system. 1) After annealing, however, AuSn 4 , AuSn 2 and AuSn layers were discerned at the Au/Sn interface in the diffusion couple, but Au 5 Sn and were not observed clearly. In contrast, the reactive diffusion between Ag and Sn was experimentally examined at temperatures of 433-473 K using the Ag/Sn diffusion couples prepared by the diffusion bonding technique in a previous study. 43) In this case, all the stable compounds of Ag 3 Sn and are formed as layers at the Ag/Sn interface in the diffusion couple due to annealing. Thus, the formation behavior of compounds during reactive diffusion varies depending on the combination of metals and/or alloys. The reactive diffusion between liquid Al and solid Fe or Fe-base alloys has been experimentally studied by many researchers. [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] In an experiment by Bouché et al., 69) Fe/Al diffusion couples were prepared by a melt bath technique, and then isothermally annealed at temperatures of 973-1173 K. A similar experiment was conducted by Bouayad et al. 71) In the binary Fe-Al system, 1) FeAl 3 , Fe 2 Al 5 , FeAl 2 and FeAl are the stable compounds at these temperatures. According to their experimental results, 69, 71) however, only Fe 2 Al 5 and FeAl 3 are formed as visible layers at the Fe/Al interface in the diffusion couple owing to annealing. The thickness is much smaller for the FeAl 3 layer than for the Fe 2 Al 5 layer, and irregular tongue-like morphology is realized for the Fe 2 Al 5 layer. Such formation behavior of Fe 2 Al 5 and FeAl 3 was reported also in the other studies.
Recently, the reactive diffusion between liquid Al and solid Cu was experimentally observed in a previous study. 73) In this experiment, Cu/Al diffusion couples were prepared by an isothermal bonding technique, and then isothermally annealed at temperatures of 973-1073 K. At these temperatures, the , 1 and " 2 phases are the stable compounds in the binary Cu-Al system. 1) Unlike the binary Fe-Al system, all the stable compounds are produced as uniform layers at the Cu/Al interface in the diffusion couple due to annealing. In the isothermal bonding technique, 73) the Al melt and the Cu solid specimen are separately preheated at the same temperature as the annealing temperature in a vacuum. After sufficient preheating, the melt and the solid specimen are bonded each other, and then annealed immediately. Thus, in the isothermal bonding technique, the temperatures of the melt and the solid specimen are equivalent and remain constant during preheating, bonding and annealing. On the other hand, in the melt bath technique, 69, 71) the solid specimen is preheated at a certain temperature lower than that of the melt, and then immersed in the melt for annealing. During annealing, compound layers are formed at the interface between the solid specimen and the melt. However, the temperature of the solid specimen gradually increases with increasing annealing time in the early stages, and coincides with the temperature of the melt in the late stages. The annealing-time dependent variation of the temperature in the solid specimen may influence the formation behavior of the compound layers. Unfortunately, however, reliable information of such influence is not valid. In order to obtain the information, the reactive diffusion between liquid Al and solid Fe was experimentally examined in the temperature range of 973-1073 K in the present study. The isothermal bonding technique proposed in a previous study 73) was used to prepare diffusion couples consisting of liquid Al and solid Fe and to anneal isothermally the diffusion couples.
Experimental
Polycrystalline columnar specimens with a length of 5 mm were cut from a commercial rod of pure Fe with a diameter of 8 mm and purity of 99.7%. The Fe rod contains a trace of C, 0.01 mass% of Si, 0.25 mass% of Mn, 0.004 mass% of P, 0.004 mass% of S, 0.01 mass% of Cu, 0.01 mass% of Ni and 0.01 mass% of Cr as impurities. The columnar specimens were separately annealed in evacuated silica capsules at a temperature of 1173 K for a time of 2 h, followed by air cooling without breaking the capsules. The top and bottom flat-surfaces of each annealed columnar specimen were mechanically polished on 800-4000 emery papers.
A commercial rod of pure Al with a diameter of 6 mm and purity of 99.99% was cut into columnar specimens with a length of 9.6 mm. Each polished Fe specimen was encapsulated together with a columnar Al specimen in an evacuated silica capsule with an inner diameter of 8.5 mm. The silica capsule was isothermally preheated for 1:8 Â 10 3 s at 973, 1023 and 1073 K. During preheating, the Fe solid specimen was separated from the Al melt in the silica capsule. After preheating, a flat surface of the Fe solid specimen was immediately contacted with that of the Al melt with a diameter of 8.5 mm and a length of 4.8 mm to prepare a columnar Fe/Al diffusion couple. The diffusion couple was isothermally annealed for various times up to 2:4 Â 10 3 s at the same temperature as preheating, followed by water quenching without breaking the capsule. The annealing temperature and time are denoted by T and t, respectively.
Cross-sections of the annealed diffusion couple were mechanically polished on 800-4000 emery papers and then finished using diamond with a diameter of 1 mm. The microstructure of the cross-section was observed with a back-scattered electron image (BEI) by scanning electron microscopy (SEM). The SEM observation was carried out also for the cross-section chemically etched with nitrohydrochloric acid at room temperature for 75 s. Concentrations of Fe and Al in each phase on the cross-section were measured by electron probe microanalysis (EPMA).
Results and Discussion

Microstructure
Typical BEI micrographs of the cross-section for various diffusion couples are shown in Fig. 1 . Figure 1 by Nishimoto et al. 72) In their experiment, Fe/Al diffusion couples were prepared by the melt bath technique, and then annealed at T ¼ 1023 K. Using such diffusion couples, the crystallographic orientation relationship of the polycrystalline grain in the Fe 2 Al 5 region was measured by an electron back-scattered diffraction (EBSD) technique. The EBSD measurement indicates that the c axis of each grain is almost perpendicular to the initial Fe/Al interface but the a and b axes are randomly distributed on a plane mostly parallel to the Fe/Al interface. The interdiffusion coefficient of Fe 2 Al 5 is much greater along the c axis than along the a and b axes. 64) The most predominant parameter governing the growth rate of a compound during reactive diffusion is the interdiffusion coefficient of the growing compound. 75) Although the growth rate is not necessarily a simple mathematical function of the interdiffusion coefficient, it is surely a monotonically increasing function of the interdiffusion coefficient. [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] In the early stages, many fine Fe 2 Al 5 grains with random crystallographic orientations are produced at the Fe/Al interface. 72) Of these random grains, those with the c axis nearly perpendicular to the Fe/Al interface preferentially grow along the c axis over long distances without impingement. As a result, the irregular tongue-like morphology is realized in the Fe 2 Al 5 region.
Within the experimental annealing times, Fe 2 Al 5 and FeAl 3 were recognized as visible layers, but FeAl 2 and FeAl were not detected by EPMA and SEM. As mentioned above, the interdiffusion coefficient of a growing compound is the most predominant parameter controlling the growth rate of the compound. 75) If compounds and are formed by reactive diffusion in a diffusion couple and the interdiffusion coefficient is much smaller for compound than for compound , the growth is much more sluggish for compound than for compound . At realistic experimental annealing times, the thickness becomes sufficiently large for compound but not for compound . The compound with negligible thicknesses cannot be observed in a metallographical manner, even if the compound is actually formed in the diffusion couple. In the binary Fe-Al system, Fe Fig. 1(c) , the uniform layer morphology was realized at most of the annealing times for T ¼ 1073 K. Thus, the irregularity of the Fe 2 Al 5 region varies depending on the annealing temperature. In this section, the dependence of the irregularity on the annealing temperature will be discussed quantitatively.
The morphology of the Fe 2 Al 5 region is schematically depicted in Fig. 4 . Since attention is focused on the morphology, FeAl 3 in the Fe 2 Al 5 region is omitted in this figure. From the cross-sectional BEI micrographs like Fig. 1 , the mean interspacing d between the neighboring tongues in the Fe 2 Al 5 region was evaluated by the equation 
Here, t 0 is unit time, 1 s. It is adopted to make the argument t=t 0 of the power function dimensionless. The proportionality coefficient k d has the same dimension as d, but the exponent n is dimensionless. From the plotted points in Fig. 6 . In this figure, the ordinate indicates the fraction f , and the abscissa shows the distance x measured from the position with f ¼ 0:5 along the direction perpendicular to the initial Fe/Al interface. As the distance x increases, the fraction f monotonically decreases from 1 to 0 within Áx ¼ 80 mm at T ¼ 973{1023 K but within Áx ¼ 20 mm at T ¼ 1073 K. Therefore, the irregularity of the Fe 2 Al 5 region is considerably large at T ¼ 973{1023 K but small at T ¼ 1073 K. As previously mentioned, for most of the polycrystalline grains in the Fe 2 Al 5 region, the c axis is closely perpendicular to the initial Fe/Al interface, and the a and b axes are randomly distributed on a plane almost parallel to the Fe/Al interface. 72) Furthermore, the interdiffusion coefficient of Fe 2 Al 5 is much greater along the c axis than along the a and b axes. 64) Thus, the Fe 2 Al 5 grain grows rapidly along the c axis but sluggishly along the a and b axes. Consequently, the irregular tongue-like morphology is actualized in the Fe 2 Al 5 region as shown in Fig. 2 . According to the result in Fig. 6 , however, the irregularity of the Fe 2 Al 5 region is markedly reduced at T ¼ 1073 K. This implies that the anisotropy for the interdiffusion coefficient of Fe 2 Al 5 considerably decreases at temperatures around 1073 K.
The result of T ¼ 1073 K in Fig. 6 is represented as open circles in Fig. 7 . In this figure, the ordinate shows the fraction f , and the abscissa indicates the relative distance r defined as
Here, l is the mean thickness of the Fe 2 Al 5 region evaluated by the equation
where A is the total area of the Fe 2 Al 5 region corresponding to the length L of the test line. In Fig. 7 reported by Bouché et al. 69) In the present study, f almost discontinuously decreases from 1 to 0 with increasing value of r at r ¼ 1. On the other hand, in the study by Bouché et al., 69) f gradually decreases from 1 to 0 with increasing value of r from r ¼ 0:2 to r ¼ 1:4{1:7.
The minimum thickness l min and the maximum thickness l max of the Fe 2 Al 5 region are estimated as
and
respectively. Here, g i and h i are the thicknesses of the Fe 2 Al 5 region at bottom i and top i, respectively, as shown in Fig. 4 . Using the thicknesses l, l min and l max , the ratio z was defined as
On the basis of the results in Fig. 6 , z ¼ 0:679, 0.684 and 0.077 were obtained from eq. (7) at T ¼ 973, 1023 and 1073 K, respectively, for t ¼ 6:0 Â 10 2 s. The values of z for T ¼ 973, 1023 and 1073 K are shown as an open triangle, inverse-triangle and circle, respectively, in Fig. 8 . In this figure, the ordinate indicates z, and the abscissa shows the logarithm of t. On the other hand, the results of T ¼ 973 and 1073 K reported by Bouché et al. 69) are indicated as open squares and rhombuses, respectively, and that of T ¼ 1073 K reported by Bouayad et al. 71) is shown as open double-circles. For convenience' sake, the present study is called study A, and the studies by Bouché et al. and Bouayad et al. are designated studies B and C, respectively. In the early stages, z is slightly greater than unity in studies B and C. As t increases, however, z increases in study B, but decreases in study C. Nevertheless, z is much greater in both studies B and C than in study A. The results in Figs. 7 and 8 indicate that the irregularity of the Fe 2 Al 5 region is much smaller in study A than in studies B and C. In study B, 69) the Fe solid specimen was preheated above the Al melt in a vacuum chamber before immersion into the melt. Due to the temperature gradient in the chamber, however, the preheating temperature of the Fe solid specimen may be lower than the immersion temperature of the Al melt. In contrast, the preheating temperature of the Fe solid specimen was 473 K independent of the immersion temperature in study C. 71) In studies B and C, the temperature of the Fe solid specimen continuously increases with increasing immersion time and then finally reaches to the immersion temperature. During continuous heating, Fe 2 Al 5 is formed at the Fe/Al interface and grows towards the Fe solid specimen. According to the result in study A, however, the Fe 2 Al 5 region is uniform at T ¼ 1073 K but irregular at T < 1073 K. Therefore, in studies B and C, the Fe 2 Al 5 region with irregular tongue-like morphology is produced during continuous heating at T < 1073 K, and grows during isothermal annealing at T ¼ 1073 K. Consequently, it is not so easy to obtain the Fe 2 Al 5 region with uniform layer morphology by the melt bath technique.
Growth behavior of intermetallic layer
In Section 3.2, the mean thickness l of the Fe 2 Al 5 region was evaluated by eq. (5 Fig. 9 . In this figure, the ordinate and the abscissa show the logarithms of l and t, respectively. As can be seen, the thickness l of the intermetallic layer monotoni- cally increases with increasing annealing time t. The plotted points at each annealing temperature are located well on a straight line. Thus, l is expressed as a power function of t by the following equation:
From the plotted points in Fig. 9 , the proportionality coefficient k and the exponent n were evaluated by the least-squares method. The evaluated values are indicated in Fig. 9 . These values provide the dependencies of l on t with dotted, dashed and solid lines for T ¼ 973, 1023 and 1073 K, respectively. At each experimental annealing time, the thickness l increases with increasing annealing temperature T. Thus, the higher the annealing temperature is, the faster the intermetallic layer grows. In the isothermal bonding technique, 73) the Al melt is directly contacted with the inner wall of the silica capsule. Consequently, silica may be deoxidized by the Al melt during preheating and annealing, and Si will penetrate into the diffusion couple during annealing. In order to test the penetration, the concentration of Si for each phase in the diffusion couple was measured by EPMA. Hereafter, the concentration of component i is described using the mol fraction y i . According to the EPMA measurement, y Si is smaller than 0.02 for the Al melt, smaller than 0.005 for Fe 2 Al 5 , and equal to 0 for the Fe specimen. As previously mentioned, the growth of the intermetallic layer is predominantly determined by the interdiffusion across the intermetallic layer. 75) Since the concentration in Fe 2 Al 5 is much smaller for Si than for Fe and Al, however, the diffusional flux of Si across the intermetallic layer scarcely contributes to the interdiffusion. In contrast, the interdiffusion of Fe and Al across the intermetallic layer is influenced by Si through the thermodynamic interaction between Si and Fe and that between Si and Al. However, these thermodynamic interactions are very small at y Si < 0:005. 85) Hence, the influence of Si on the interdiffusion is negligible. As a consequence, the growth of the intermetallic layer is hardly affected by the penetration of Si. On the other hand, the surface of the Al melt is slightly oxidized by a trace of oxygen as well as silica, and thus covered with a thin layer of alumina. During isothermal bonding just after preheating, however, the thin alumina layer is readily demolished by light collision with the polished surface of the Fe solid specimen. 73) As a result, a sound interface is realized between the Fe solid specimen and the Al melt by isothermal bonding as shown in Figs. 1 and 3 . Owing to the sound interface in the Fe/Al diffusion couple, reproducible experimental results were obtained for the growth of the intermetallic layer.
The penetration distance p of Fe into the Al melt from the Fe solid specimen in the diffusion couple due to isothermal annealing is roughly estimated by the following equation. 75) 
Here, D is the interdiffusion coefficient between Fe and Al in the Al melt. The temperature dependence of D is usually described by the equation
where D 0 is the pre-exponential factor, Q is the activation enthalpy, and R is the gas constant. As mentioned in Section 1, the reactive diffusion between liquid Al and solid Cu was experimentally observed in a previous study. 73) In this experiment, the Cu/Al diffusion couples were isothermally annealed at T ¼ 973{1073 K for various times up to t ¼ 2:4 Â 10 3 s. Like the Fe/Al diffusion couple, the lengths of the Al melt and the Cu solid specimen are s Al ¼ 4:8 mm and s Cu ¼ 5 mm, respectively, for the Cu/ Al diffusion couple. During annealing, the , 1 and " 2 phases are produced as uniform layers at the initial Cu/Al interface in the diffusion couple, and the " 2 /Al interface migrates towards the Cu specimen. The migration rate of the " 2 /Al interface is more than one order of magnitude greater than the overall growth rate of the , 1 and " 2 layers. Furthermore, the migration distance of the " 2 /Al interface increases in proportion to the square root of the annealing time. Such a relationship is called the parabolic relationship. Usually, it is believed that the parabolic relationship holds only in a semiinfinite diffusion couple. In the late stages of annealing, however, the penetration distance p of Cu into the Al melt from the Cu specimen exceeds the length s Al of the Al melt, and thus the Cu/Al diffusion couple becomes a finite diffusion couple. 73) Nevertheless, the parabolic relationship holds even in the late stages at each annealing temperature. Such unexpected migration behavior of the " 2 /Al interface was numerically analyzed using a mathematical model in a previous study. 87) In this model, the migration rate of the " 2 /Al interface is determined by the diffusional flux in the Al melt at the " 2 /Al interface, 88) and the diffusional flux is proportional to the concentration gradient. Furthermore, D ¼ 1:36 Â 10 À9 , 2:40 Â 10 À9 and 4:00 Â 10 À9 m 2 /s evaluated at T ¼ 973, 1023 and 1073 K, respectively, in a previous study 80) were adopted for the interdiffusion coefficient between Cu and Al in the Al melt. According to the numerical analysis, 87) the concentration gradient in the Al melt at the " 2 /Al interface is mostly equivalent between the semi-infinite and finite diffusion couples even in the late stages unless p is much greater than s Al . Therefore, almost the same migration rate of the " 2 /Al interface is realized in both the semi-infinite and finite diffusion couples. This is the reason why the parabolic relationship holds within the experimental annealing times for the Cu/Al diffusion couple. On the other hand, in the case of the Fe/Al diffusion couple, p ¼ 5:4, 4.3 and 3.3 mm are estimated at t ¼ t m from eq. (9) using D ¼ 3:09 Â 10 À9 , 3:82 Â 10 À9 and 4:63 Â 10 À9 m 2 /s for T ¼ 973, 1023 and 1073 K, respectively, as mentioned earlier. Thus, at each annealing temperature, p is close to but not much greater than s Al ¼ 4:8 mm, and D takes similar values for the Al melt between the Cu/Al and Fe/Al diffusion couples. Consequently, the concentration gradient in the Al melt at the FeAl 3 /Al interface is close to each other between the semi-infinite and finite diffusion couples even in the late stages. As a result, the Fe/Al diffusion couple is also considered to be effectively a semi-infinite diffusion couple within the experimental annealing times.
The result of T ¼ 1073 K in Fig. 9 is represented as open circles in Fig. 10 . In this figure, the corresponding results of T ¼ 1073 K in studies B 69) and C 71) are also plotted as open triangles and squares, respectively. As mentioned in Section 3.2, the values of l in Fig. 9 were evaluated by eq. (5). On the other hand, l was estimated by the following equation in studies B and C.
If the shape of the Fe/Fe 2 Al 5 interface on the cross-section in Fig. 4 is a symmetric curve like a sine curve, both eqs. (5) and (11) provide the equivalent value of l. However, the Fe/ Fe 2 Al 5 interface usually possesses an asymmetric shape. In such a case, different values of l are obtained from eqs. (5) and (11) even for the identical intermetallic layer. Furthermore, at T ¼ 1073 K, the intermetallic layer is irregular in studies B and C but uniform in study A. The preheating temperature T p is equal to the annealing temperature T a in study A but lower than T a in studies B and C. However, T p is not equivalent between studies B and C. As a result, the growth of the intermetallic layer occurs under different heating conditions, and thus the morphology of the intermetallic layer becomes dissimilar in studies A-C. The interdiffusion across the intermetallic layer takes place in a simple one-dimensional manner for the uniform morphology but in a complicated three-dimensional manner for the irregular morphology. Hence, the growth behavior of the intermetallic layer varies depending on the interdiffusion manner and thus on the morphology. Nevertheless, in 
respectively. Here, k 0 and k d0 are the pre-exponential factors, and Q k and Q kd are the activation enthalpies. From the plotted points in Fig. 11 , the pre-exponential factors and the activation enthalpies were evaluated by the least-squares method. The evaluation gives Q k ¼ 126 kJ/mol and Q kd ¼ 40:1 kJ/mol. According to the observation in Section 3.2, each tongue in the intermetallic layer grows along the directions perpendicular and parallel to the initial Fe/Al interface. Hereafter, the former and latter directions are called the perpendicular and parallel directions, respectively, and the growths of the tongue along the perpendicular and parallel directions are merely designated the perpendicular and parallel growths, respectively. Since the coarsening of the polycrystalline microstructure occurs in the intermetallic layer during annealing as mentioned in Section 3.2, a coarsening mechanism similar to Ostwald ripening may contribute to the parallel growth. For simplicity, however, the nomenclator ''growth'' is used for the parallel direction. The value Q kd ¼ 40:1 kJ/mol is relevant to the parallel growth.
On the other hand, the interdiffusion for the perpendicular growth is affected by the mass transport for the parallel growth. As a result, the parallel growth as well as the perpendicular growth influences the growth behavior of the intermetallic layer. Such influence is much more remarkable for the irregular morphology at T ¼ 973{1023 K than for the uniform morphology at T ¼ 1073 K. Since the intermetallic layer possesses the polycrystalline microstructure, the growth of the intermetallic layer can be governed by the volume and boundary diffusion in the polycrystalline microstructure. Furthermore, for the irregular morphology at T ¼ 973{ 1023 K, the interface diffusion proceeds along the Fe/Fe 2 Al 5 interface, and hence the perpendicular growth may be controlled by the volume, boundary and interface diffusion. Therefore, the value Q k ¼ 126 kJ/mol will be related to this complex diffusion. In such a case, the growth of the intermetallic layer is not described by any simple mathematical models reported in previous studies. [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] As a consequence, the rate-controlling process for the growth of the intermetallic layer cannot be estimated from the value of Q k in a straightforward manner.
In a previous study, 83) the kinetics of the reactive diffusion controlled by boundary and volume diffusion was numerically analyzed for a hypothetical binary alloy system consisting of one compound and two primary solid-solution phases using a mathematical model of a semi-infinite diffusion couple. Here, the diffusion couple is initially composed of the two primary solid-solution phases. During isothermal annealing at a certain temperature, a polycrystalline layer of the compound with a uniform thickness is formed at the initial interface in the diffusion couple due to the reactive diffusion between the primary solid-solution phases. In order to simplify the analysis, the one-dimensional volume and boundary diffusion along the direction perpendicular to the interface is treated in this mathematical model. When the growth of the compound layer is purely controlled by volume diffusion, n is equal to 0.5. The dependence of l on t with n ¼ 0:5 is called the parabolic relationship as mentioned earlier. The parabolic relationship holds also for the layer growth governed by boundary diffusion unless grain growth occurs in the compound layer. If boundary diffusion contributes to the layer growth and grain growth takes place in the compound layer, however, n becomes smaller than 0.5 and gradually varies depending on t. Under such conditions, l is no longer expressed as a power function of t in a wide range of t. In a rather narrow range of t, however, n is approximately considered as constant independent of t within experimental uncertainty. [38] [39] [40] According to the result in Fig. 9 , n is smaller than 0.5 at T ¼ 973{1073 K. Thus, we may expect that the growth of the intermetallic layer is controlled by boundary and volume diffusion. As mentioned in Section 3.2, the intermetallic layer possesses the polycrystalline microstructure and the coarsening of the polycrystalline microstructure actually occurs during annealing. However, the intermetallic layer indicates the irregular tongue-like morphology in the whole range of t at T ¼ 973{1023 K and in the early stages at T ¼ 1073 K. For the irregular tongue-like morphology, the complex threedimensional diffusion contributes to the layer growth as previously mentioned. In such a case, the conclusions drawn from the one-dimensional numerical analysis 83) cannot be readily applicable to the growth of the intermetallic layer.
Conclusions
In order to examine experimentally the morphology of the compounds produced by the reactive diffusion between solid Fe and liquid Al, Fe/Al diffusion couples were prepared by the isothermal bonding technique and then immediately annealed in the temperature range of T ¼ 973{1073 K. In this temperature range, FeAl 3 , Fe 2 Al 5 , FeAl 2 and FeAl are the stable compounds in the binary Fe-Al system. 1) During annealing, however, only Fe 2 Al 5 and FeAl 3 are formed as visible layers at the Fe/Al interface in the diffusion couple. The thickness is much smaller for the FeAl 3 layer than for the Fe 2 Al 5 layer. Although the FeAl 3 layer is rather uniform at T ¼ 973{1073 K, the Fe 2 Al 5 layer indicates the irregular tongue-like morphology at T ¼ 973{1023 K but the uniform layer morphology at T ¼ 1073 K. The anisotropy of the interdiffusion coefficient of Fe 2 Al 5 causes the irregularity of the Fe 2 Al 5 layer. According to the temperature dependence of the irregularity, we may conclude that the anisotropy is large at T ¼ 973{1023 K but considerably decreases at T ¼ 1073 K. The total thickness of the Fe 2 Al 5 and FeAl 3 layers increases in proportion to a power function of the annealing time. The temperature dependence of the proportionality coefficient is expressed by an Arrhenius equation. However, the morphology of the Fe 2 Al 5 layer varies depending on the annealing temperature. Consequently, the activation enthalpy calculated from the Arrhenius equation cannot provide the rate-controlling process for the growth of the Fe 2 Al 5 and FeAl 3 layers.
Tokyo Institute of Technology, Japan for stimulating discussions. The present study was supported by a Grant-inAid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology of Japan.
